Introduction
In WDM-PON research there has recently been a vast amount of work on reflective ONU solutions, avoiding tunable lasers or filters to target colorless inexpensive RSOA-based ONUs. These solutions usually have a limited Optical Distribution Network (ODN) power budget in the upstream path (indicated as "max ODN loss" in the rest of the paper), that is a key parameter in extended reach PONs. In order to overcome this limitation, it was recently shown 1, 2 that self-coherent detection on the upstream can greatly enhance max ODN loss. For instance, in the ECOC2012 regular paper 2 , we showed 38 dB ODN loss over 80 km at 1 Gbps. In this new paper, we improve our results to more than 42 dB (@BER=10 -3 ) over a longer distance of 100 km, after a careful optimization of several system parameters. We believe that this result, obtained using real metropolitan buried fibers and off-the-shelf optoelectronic components for the TX/RX hardware, shows the potential compatibility even with GPON class C+ ODN loss target (32 dB), offering a huge 10 dB margin that can largely cope with TX-RX thermal 3 and ageing effects, not addressed in this paper but obviously very relevant in real-life outdoor FTTH installations. We believe that the rationale and novelty of this paper stands in the following main points:  the aforementioned 42 dB ODN loss demonstration, and its verification over longterm repeated measurements;  a detailed presentation of the physical layer effects that impact this specific system, in particular Rayleigh back-scattering (RBS) and its dependence on polarization;  a description of all the hardware and digital signal processing (DSP) techniques we introduce to overcome RBS impairments.
System setup and experimental results
The system setup is shown in Fig. 1 , line rate 1.25 Gbps). The OLT is linked to the ODN by either a circulator (indicated as "standard" setup in the following) or a polarizing beam splitter ("Faraday" setup 1,2 ). The ODN uses 100 km of SMF buried metropolitan fiber running around the Turin (Italy) city center, and terminated in our labs. The fiber is quite old, deployed underground between 1990 and 2000, characterized by high attenuation and several connectors and splices along the path. Its overall attenuation over 100 km is equal to 32 dB (for the fiber only). Beside the fiber, we inserted in the ODN path:  an arrayed waveguide gratings (AWG), to manage multiple optical wavelengths;  a variable optical attenuator (VOA), to increase ODN loss for BER measurements.
To emulate a worst case situation in terms of reflections, we inserted it after 80km of fiber, before the AWG  a fast polarization scrambler (PS, implementing full rotations on the Poincarè sphere in less than 3 ms), set in continuously changing mode to emulate random fiber birefringence. This device was necessary since polarization changes deeply impact the performance of our system (see later). The ONU is simply constituted by an RSOA, driven by a 1 Gbps signal whose levels have For the "Faraday" setup, we also inserted a 90
• Faraday Rotator (FR) in front of the RSOA, so that the reflected (and modulated) signal polarization is always orthogonal to the incoming one. Due to fiber reciprocity, it can be shown that the polarization orthogonality between the up-and downstream signals is preserved in any ODN path section, regardless of fiber birefringence 4 .
In Fig. 2 we show for the Faraday setup the BER vs. ODN loss after 100 km for different launched power 
System optimization in DSP and hardware
We observe that:  the received power at the OLT self-coherent receiver is the spurious signal turns out to be 25 dB higher than the useful received signal, and spectrally totally superimposed.
These two observations drove the optimization we performed in our system. First of all, just by looking at the required sensitivity (about -51 dBm), it is obvious that a coherent receiver is a must. Its importance anyway goes significantly further: due to the presence of a RBS crosstalk component (xtalk) that is much stronger than the useful signal, a direct detection receiver would simply not work, due to the beating between signal and crosstalk generated by photodiode's quadratic detection. Using a coherent receiver instead, signal and crosstalk do not beat, but simply add on the resulting electrical signals at the ADC outputs; in fact, the most relevant upgrade to our previous results 2 was a careful analysis on how to counteract such a bad signal-to-interference situation. We observed that the spurious reflection, being generated by a CW signal, appears after coherent detection as low-frequency components around 0  f . Its spectrum has a shape that depends on the CW external cavity laser linewidth
100 kHz), and thus appears as narrowband when compared to the modulated useful signal, but much stronger in amplitude. The solution was to perform an high-pass filtering (HPF) in the coherent receiver in order to cut the DC-like xtalk interference, and to optimize its cut-off frequency HPF f . Since this HPF also affects the useful signal low-frequency components, HPF f choice should balance xtalk reduction and baseline-wandering on the useful signal. We thus introduced 8B/10B line coding at the transmitter side that, thanks to the very strong DC-balancing characteristics, generates a strong notch in the signal spectrum at low frequency, so that we could significantly increase the HPF frequency cutoff compared to uncoded modulation, finding an optimized value at around 50 MHz (for a line bit rate equal to 1.25 Gbps after line coding). Initially, we implemented this filter only in the DSP domain, but the results were still unsatisfactory. The culprit was related to quantization problems in the coherent receiver ADC converters (about 7 effective bits in our case), where the ADC dynamic has to be adapted to the full received signal (useful+xtalk). Since in our target situation the useful signal can be even 25 dB lower than the xtalk, the ADC dynamic was saturated by the xtalk, leaving very limited dynamic (i.e. ADC The solution was to split the HPF in two parts: a first hardware electrical filter placed before the ADC, to cut a first significant part of the xtalk spectral components and thus greatly reducing ADC saturation, and a second (more refined) filter implemented in the DSP domain. The combination of 8B/10B line coding and HPF optimization is the main upgrade of this paper setup compared to our previous one 2 . Another novelty of this paper was related to the following observations:  polarization/birefringence effects in the fiber are very relevant in our system. It was demonstrated 4 that RBS tends to be (statistically) co-polarized with the counterpropagating signal that generates it. In our setup, this means that the RBS is mostly copolarized with the CW feed signal. On the contrary, the useful signal (in the "standard" setup) arrives in general at the coherent receiver on an arbitrary polarization, due to random fiber birefringence. The xtalk system impact is maximum when these two polarizations are aligned while it is null for a coherent receiver when they are orthogonal;  typical off-line processing experiments can capture only a very small time window over each BER measurement, corresponding in our case to approximately 100 s;  "natural" birefringence variations are very slow even in long fibers, so that our 100 s off-line BER measurement is basically instantaneous compared to birefringence time constants. We thus realized that, to really assess the performance of our system, we had to perform many repeated BER measurements while changing the ODN birefringence using a fast polarization scrambler (PS) placed in the vicinity of the ONU. When using the "standard" setup (i.e., no Faraday rotation at the ONU) we experimentally found that at high L ODN each set of repeated BER measurements has a significant spread of values, as shown in Fig. 3 . We interpret these results as follows: for each individual BER measurement, the useful and xtalk relative polarization states are changed by the PS and consequently the resulting BER will be different. Even though the aforementioned HPF+8B/10B countermeasure greatly diminishes the xtalk impact, we are in such an extreme situation that the residual xtalk after HPF still have some effect on BER, which thus shows a residual dependence on polarization. The situation is significantly different when using the Faraday setup, since the received useful signal polarization at the input of the OLT is always orthogonal to the downstream CW feed signal. As a result, the useful signal tends to be statistically orthogonal to the xtalk, and thus its effect is minimized. In the inset of Fig. 2 , we also added a very long set of repeated measurements (1000 acquisition over 8 hours) on the Faraday setup, demonstrating a great stability in the obtained BER values.
Conclusions
We have optimized a self-coherent reflective PON, showing that if the target is allowing very high ODN L , one should deal with RBS xtalk. We obtained very good performance using: 1. 8B/10B line coding; 2. optimized HPF at the coherent receiver, split in two sections (a simple analogue electrical HPF followed by a digital FIR); 3. Faraday rotation at the ONU. In terms of system cost/complexity of these three countermeasures, we observe that HPF is irrelevant, since cut-off capacitors are almost always present in optical front-ends, and we just need to decrease their value to obtain a higher cutoff frequency. Line coding using 8B/10B do not add significant complexity at the DSP level as well, apart from the well-know 25% increase in line rate. The implementation of Faraday rotation, on the contrary, has a cost, related to an additional optical component at the ONU side. Performance comparison between Fig. 2  and 3 shows a 2 dB penalty of the standard setup compared to the Faraday one, besides a much greater spread of the repeated BER measurements, demonstrating the usefulness of the Faraday setup.
